Epidermal growth factor receptor (EGFR) overexpression occurs in nearly 50% of cases of glioblastoma (GBM), but its clinical and biological implications are not well understood. We have used Affymetrix high-density oligonucleotide arrays to demonstrate that EGFR-overexpressing GBMs (EGFR+) have a distinct global gene transcriptional profile. We show that the expression of 90 genes can distinguish EGFR+ from EGFR nonexpressing (EGFRÀ) GBMs, including a number of genes known to act as growth/survival factors for GBMs. We have also uncovered two additional novel molecular subtypes of GBMs, one of which is characterized by coordinate upregulation of contiguous genes on chromosome 12q13-15 and expression of both astrocytic and oligodendroglial genes. These results define distinct molecular subtypes of GBMs that may be important in disease stratification, and in the discovery and assessment of GBM treatment strategies.
Introduction
A new approach to cancer therapy focuses on inhibiting signal transduction pathways that are constitutively activated in the tumor cells (Griffin, 2001; Sawyers, 2002) . Pharmacological agents that specifically target these signaling pathways demonstrate considerable promise (Kilic et al., 2000; Druker et al., 2001; Griffin, 2001; Neshat et al., 2001; Sawyers, 2002) . However, tools to identify which patients are most likely to respond to these targeted molecular therapies have lagged behind. Therefore, one of the critical challenges in cancer biology is to develop molecular classifications of tumors that reflect these underlying signal transduction abnormalities and that can be used as the basis for patient stratification.
Glioblastoma (GBM), the most common malignant brain tumor of adults (and one of the most lethal of all cancers), may be an ideal candidate tumor for this kind of an approach. GBMs have a number of clearly defined signal transduction abnormalities, whose cooperative disruption appears to be a critical factor in regulating their biological and clinical behavior (Bachoo et al., 2002) . Further, the considerable molecular and clinical heterogeneity among GBMs suggest the presence of multiple molecular subtypes. One clear distinction among GBMs is based on clinical presentation and epidermal growth factor receptor (EGFR) status. Primary GBMs arise as de novo grade IV tumors and frequently contain EGFR overexpression/amplification (Watanabe et al., 1996; Kleihues and Ohgaki, 1999; Kleihues et al., 2000) . In contrast, secondary GBMs progress from a lower grade and rarely overexpress EGFR glioma (Kleihues and Ohgaki, 1999; Kleihues et al., 2000) . Since EGFR signaling can be inhibited both at the level of the receptors and via downstream signaling intermediates, EGFR-overexpressing GBMs (EGFR+) provide an attractive target for therapy. However, the clinical and therapeutic implications of EGFR overexpression are far from clear. Further, the transcriptional consequences of EGFR overexpression on GBM cells have not been elucidated.
Large-scale gene expression profiling provides a powerful approach to identify transcriptional networks associated with upregulated signaling pathways, and to discover previously unrecognized tumor subtypes with distinct molecular and/or clinical phenotypes or responses to therapy (Golub et al., 1999; Alizadeh et al., 2000; Perou et al., 2000; MacDonald et al., 2001; Sorlie et al., 2001; Chen et al., 2002; Pomeroy et al., 2002; Shipp et al., 2002) , including GBM (Sallinen et al., 2000; Ljubimova et al., 2001; Rickman et al., 2001; Lal et al., 2002) . Gene expression profiling can also be used to detect distinct molecular signatures associated with specific mutations (Hedenfalk et al., 2001) . We hypothesized that overexpression of EGFR has a major effect on the transcriptional profile of GBMs, including upregulation of genes whose products are involved in promoting tumor cell growth/survival, and which may ultimately provide targets for therapy. We further hypothesized that there are additional molecular subtypes of EGFRÀnegative (EGFRÀ) GBMs, characterized by their own transcriptional profiles, which may provide a different set of potential therapeutic targets. We demonstrate a global gene expression signature for EGFR-overexpressing GBMs. We show that it can be characterized by a relatively small number of genes, many of which are signal transduction molecules. We also find evidence for two types of EGFRÀ GBMs, based on their gene expression signatures. The transcriptional profiles of these EGFRÀ GBMs suggest upregulation of different signaling pathways, which may require a distinct set of targeted molecular therapies.
Results
To exclude any potential effect of treatment on gene expression, we studied GBMs from untreated patients with de novo (primary GBMs) from which high-quality RNA could be obtained. A total of 13 cases were available for analysis. The expression of 12 533 probe sets encoding B10 000 genes (Affymetrix U95Av2 oligonucleotide arrays) in each patient sample was detected and quantified using model-based indices (Li and Wong, 2001 ). First, we determined the EGFR status of each tumor on a transcript level (by microarray assay) and on a protein level (by immunohistochemistry). Eight of the 13 samples did not have detectable EGFR transcripts and one sample contained a barely detectable EGFR signal; no EGFR protein expression was detected in these tumors by immunohistochemistry (Figure 1a, b) . In contrast, four samples had very high levels of EGFR transcripts and were strongly immunoreactive for EGFR (Figure 1a, b) . The EGFR transcript level was greater than 27-fold increased in the EGFR+ cases (Po0.0001) (Table 1) . Therefore, nine of the 13 test tumor samples were EGFRÀ and four were strongly EGFR+.
To identify the genes that were most differentially expressed between EGFR+ and EGFRÀ tumors, we used a thresholding approach, selecting for genes with a fold change X1.5 and an absolute difference of 50 in their model-based expression levels. These criteria resulted in 90 genes (101 probe sets) that were differentially expressed between the EGFR+ and EGFRÀ GBMs (Figure 2a) . To assess the validity of this approach, we performed a cross-validation analysis. Our gene selection procedure, coupled with weightedgene voting prediction method (Golub et al., 1999) , led to a misclassification rate of zero, that is, all the 13 samples were correctly classified regarding EGFR status in a leave-one-out cross-validation analysis.
We then performed hierarchical clustering, a standard unsupervised learning method (Kaufman and Rousseeuw, 1990; Hastie et al., 2001) . The EGFR+ GBMs were clearly separable from the EGFRÀ tumors; one of the clusters was significantly enriched for EGFR+ GBMS (Fisher's exact test; Po0.007) (Figure 2a) . Further, the dendrogram suggested the presence of two subtypes of EGFRÀ GBMs (Figure 2a ). One subset (right branch of EGFRÀ GBMs in dendrogram) was characterized by increased expression of a set of contiguous genes on chromosome 12q13-15, including cyclin-dependent kinase 4 (CDK4) (12q14), sarcomaamplified sequence (SAS) (12q13-14), amplified in (Figure 2a ). These genes are overexpressed in approximately 10-20% of high-grade gliomas, usually in association with a DNA amplification event (Reifenberger et al., 1994 (Reifenberger et al., , 1995 (Reifenberger et al., , 1996 Fischer et al., 1996; Galanis et al., 1998; Hui et al., 2001) . Therefore, we assessed the expression of additional probe sets from this chromosomal locus that are represented on the Affymetrix U95Av2 oligonuculeotide arrays. Expression of all of the contiguous genes in this chromosomal locus that were present on the highdensity oligonucleotide array (OS-9, CENTG1 (PIKE), SAS, CDK4, OS-4, CYP27B1-glioblastoma-amplified sequence 89 and METTL1) was significantly increased in this subset of GBMs (Po0.001 for each gene) ( Figure 2b , Table 1 ). We next determined whether this set of seven genes is coordinately regulated in other experiments. In 368 independent experiments performed at our cDNA microarray core facility, we found no evidence of coordinate transcriptional regulation of these seven genes (data not shown). Taken together, these results suggest that there are three molecular subsets of GBMs: those with EGFR expression, those with contiguous upregulation of genes on 12q13-15 and those lacking either change.
As an independent test of the association of this gene expression profile with EGFR status, we analysed the gene expression pattern of an additional 16 GBMs. This included biopsies from seven untreated primary GBMs and four secondary GBMs, as well as five samples obtained from GBM autopsy patients. All of the secondary GBM and autopsy samples were derived from patients who had been treated with radiation and chemotherapy. Using hierarchical clustering of these additional 16 samples based on the 90 gene sets, we found that 4/5 tumors with EGFR transcripts clustered with the other EGFR+ tumors, and 9/11 GBMs lacking EGFR transcripts clustered with the other EGFRÀ tumors (Fisher's exact test; P ¼ 0.03) (Figure 2c ). Interestingly, the one EGFR+ tumor that did not cluster with the other EGFR+ tumors also contained upregulation of 12q13-15 (sample 459) and clustered with these samples. Therefore, for all 29 tumors tested, one cluster To validate the presence of three distinct groups of GBMs, and to determine whether these molecular subsets had global transcriptional correlates, we analysed a less selected set of genes from the microarray data. To obtain genes with a sufficiently strong signal, we restricted the analysis to those probe sets with a coefficient of variation >0.5 (4255 genes), regardless of EGFR status. We then performed hierarchical clustering of the 13 GBMs based on expression of these 4255 most variable genes. The dendrogram indicated the presence of three global transcriptional groups, one of which was significantly enriched for EGFR+ GBMs (Fisher's exact test; P ¼ 0.02) (Figure 3a) . The dendrogram also indicated the presence of two EGFRÀ groups, one of which was significantly enriched for 12q13-15 upregulated GBMs (Fisher's exact test; P ¼ 0.014) and the other which was comprised of non-EGFR expressing, non-12q13-15 upregulated GBMs (Fisher's exact test; Po0.007). This hierarchical clustering pattern was observed over a range of thresholds (coefficient of variation between 0.4 and 0.6; 3000-7000 genes). An alternative view of tumor groupings was obtained by performing classical multidimensional scaling of the 4255 genes onto a three-dimensional plot (a form of principal component analysis). This is an unsupervised method of data reduction in which highdimensional gene expression data are reduced to three viewable dimensions, representing linear combinations of genes that provide the most variation in the data set (Venables and Ripley, 1999) . The EGFR+ tumors (red) were separable from the EGFRÀ tumors (Figure 3b ), and the 12q13-15 upregulated EGFRÀ GBMs (blue) were distinct from the EGFRÀ non12q13-15 upregulated GBMs (gray). These results lend support to the hypothesis that EGFR+ GBMs are a distinct subset, and further suggest that these The gene expression signature of EGFR-overexpressing GBMs was notable for upregulation of growth factors, receptors and signal transduction molecules (over one-third of the probe sets), including vascular endothelial growth factor (VEGF), which plays a critical role in GBM angiogenesis and progression (Brat and van Meir, 2001 ). In addition, pleiotrophin (PTN) and its receptor PTRPZ1, and endothelin B receptor (ET(B)) were all upregulated in EGFR+ GBMs (Table 1) , as was the antiapoptotic protein Bax inhibitor 1 (TEGT) ( Table 1 ). The EGFR+ GBM gene expression signature was also notable for increased expression of plasma membrane-bound transporters and channels, including the multidrug chemoresistance gene SRI (sorcin) and MLC1, a recently cloned cell-surface protein whose mutation is associated with white matter brain defects (Hamada et al., 1988; Leegwater et al., 2002) . In addition to their association with EGFR protein, we also detected a significant correlation between the transcript level of each of these genes and EGFR mRNA level, as expected (r ¼ 0.65). These data suggest upregulation of multiple growth factor-mediated signal transduction pathways in EGFR-overexpressing GBMs that can promote GBM cell proliferation, survival and angiogenesis. These results also suggest potential candidates for targeted molecular therapy, in this subset of GBMs. To independently validate this set of potential candidates, we performed RT-PCR analysis of nine of these differentially expressed genes. The transcript level of these target genes, as detected by RT-PCR, was highly correlated with the transcript level as detected by the microarray assay (mean r's ¼ 0.64, P ¼ 0.04) (Figure 4) .
The gene expression signature of GBMs with overexpression of genes on 12q13-15 was notable for increased expression of CDK4 (located on 12q13-15), its binding partner cyclin D1 and CENTG1 (PIKE), a newly identified signal transduction molecule that enhances PI3 K activity and increases cyclin D1 activity (Ye et al., 2000) . Taken together, this suggests coordinate upregulation of the cyclin D1 pathway in tumors with the 12q13-15 expression signature. In contrast to the 12q13-15+ GBMs, the EGFR-overexpressing GBMs expressed elevated levels of cyclin D2 (two fold increase, P ¼ 0.03; Table 1 ). The 12q13-15-upregulated GBMs were also significant for high levels of transcription of oligodendroglial genes (MBP, MAG, PLP1, Nkx2.2, Mal and Sox10) (Hajihosseini et al., 1996; Landry et al., 1997; Zhou et al., 2001; Fu et al., 2002) . (Table 1) . Morphologically, these tumors were indistinguishable from the other GBMs; they lacked oligodendroglial morphology and had equivalent levels of the astrocytic marker GFAP (data not shown). To exclude the possibility that this gene expression signature was arising from entrapped normal brain tissue, we performed hierarchical clustering of the 13 tumor sample sets and 10 normal brain samples. The normal brain samples and the tumors clustered quite distinctly (Po0.00001) from each other (data not shown) for expression of the global gene signature (all 12 533 probe sets) and the EGFR-specific gene set (90 genes). Thus, it is highly unlikely that entrapped normal brain tissue was contributing to the distinctive gene expression profiles we observed. These results raise a number of possibilities. GBMs with coordinated upregulation of genes on 12q13-15 may arise from a glial precursor cell capable of astrocytic or oligodendroglial differentiation (Holland et al., 2000; Dai et al., 2001; Holland, 2001) . Alternatively, GBMs with this alteration may either dedifferentiate, or activate a transcriptional program of oligodendroglial genes (Holland et al., 2000; Dai et al., 2001; Bachoo et al., 2002) . Other researchers have observed that these genes may be coordinately elevated in some GBMs, but the observation that coordinated transcriptional upregulation of genes over this region confers a distinctive global gene expression profile and alters cell commitment phenotype is a novel finding.
To further characterize biological differences between the EGFR+ and 12q13-15 GBMs, and to identify any additional signal transduction pathways that might be targeted for future therapy, we used the same filtering procedure to identify genes that were differentially expressed between EGFR+ and 12q13-15+ GBMs. This resulted in 175 probe sets (157 genes) that were differentially expressed between EGFR+ and 12q13-15+ GBMs ( Figure 5 ). Hierarchical clustering of these tumors based on these 157 genes continued to support the presence of three primary GBM subtypes ( Figure 5 ). In addition to the previously mentioned genes, the EGFR+ tumors had increased expression of extracellular matrix proteins including tenascin C and fibronectin, which play a role in GBM cell invasion (Ohnishi et al., 1998; Herold-Mende et al., 2002) , while the 12q13-15+ group had very high transcript levels of autotaxin, a secreted motility factor that promotes tumor cell invasion and metastasis (Stracke et al., 1992; Nam et al., 2000) . These results suggest that these GBM subtypes may differ in their invasion patterns, and suggest additional potential biological, and perhaps clinical differences.
To further assess the clinical utility of this approach, we used immunohistochemistry to validate the differential expression of a couple of the genes. For this purpose, we generated a tissue microarray of 48 GBM specimens (including nine from patients used in this study). We chose to analyse cyclin D1, whose " Figure 5 Genes differentially expressed between EGFR+ and 12q13-15+ GBMs. In total, 175 probe sets (157 genes) were differentially expressed between EGFR+ and 12q13-15-overexpressing GBMs, using our filtering criteria, and the tumors were hierarchically clustered based on expression of these 157 genes. Red bar denotes tumors with EGFR overexpression; blue bar denotes GBMs with overexpression of genes on chromosome 12q13-15
Identification of molecular subtypes of glioblastoma PS Mischel et al transcript level was correlated with 12q13-15-overexpressing GBMs (4.9-fold increase, P ¼ 0.04), and CD99/ MIC2, whose expression was correlated with EGFRoverexpressing GBMs (1.5-fold increase, P ¼ 0.06), since these antibodies were available in our laboratory and have been optimized for use with paraffin-embedded biopsy tissues. CD99/MIC2 protein expression was highly correlated with EGFR overexpression (P ¼ 0.004), while (Figure 6 ). Thus, our findings may be extended using standard immunohistochemical analysis.
Discussion
The new challenge in cancer biology is to move from purely morphological classification of tumors to one that is based on molecular criteria. In the light of the development of new pharmacologic pathway inhibitors for cancer therapy, this goal is now even more important for the purposes of treatment discovery and selection of susceptible patient subsets. GBM may be an ideal tumor for this approach for the following reasons: (1) they have a number of clear-cut signal transduction abnormalities that influence their biological behavior and that are potentially targetable; (2) inhibition of these pathways with small molecules has yielded promising results in GBM preclinical models (Kilic et al., 2000; Neshat et al., 2001) and (3) none of the current therapies are highly effective (Preston-Martin, 1999) . To approach this goal, we used gene expression profiling to uncover three novel molecular subsets of primary GBMs: EGFR+ GBMs, GBMs with upregulation of genes on chromosome 12q13-15 and GBMs lacking either of these changes. These molecular subsets have previously been indistinguishable by current histopathological criteria, but here we show that they have distinct transcriptional profiles. We show that these tumor types can be distinguished by a relatively small number of differentially expressed genes (90 genes), many of which are themselves signal transduction molecules that promote the growth and survival of GBMs. This work demonstrates the value of using a genomic approach to identify molecular subtypes of GBMs, and suggests possible new therapeutic targets for each of these molecular subtypes. Our observation that EGFR expression confers a distinct transcriptional phenotype to primary GBMs is a novel finding. Previous work from our own laboratory (Choe et al., 2002) and the laboratories of other investigators (O'Rourke et al., 1998; Barker et al., 2001) suggest that EGFR signaling alters the biological behavior of GBMs. Our finding that EGFR expression globally impacts the transcriptional program (Figure 2) , lends support to the hypothesis that EGFR+ GBMs are biologically distinct from other histologically similar GBMs. Many of the genes that are differentially upregulated in EGFR-overexpressing GBMs are themselves signal transduction molecules (Figure 1b) , some of which promote growth, survival and angiogenesis. VEGF, ET(B), PTN and its receptor PTRPZ1, and Bax inhibitor 1 were all upregulated in EGFR+ GBMs. This is consistent with previous work demonstrating that EGFR activation transcriptionally upregulates VEGF expression in GBM cells (Maity et al., 2000) . VEGF plays a major role in promoting angiogenesis and tumor growth of GBMs in vivo (Berkman et al., 1993; Cheng et al., 1996; Yuan et al., 1996; Chan et al., 1998; Brat and van Meir, 2001; Chaudhry et al., 2001) , and may therefore be critical for EGFR-mediated pathogenesis. This also suggests an important molecular basis on which to select GBM patients for anti-angiogenic therapy. ET(B) is expressed by GBM cells in vivo; its ligand ET-1 is secreted by the GBM tumor vasculature (Egidy et al., 2000) . Since activation of this receptor promotes a prosurvival/antiapoptotic cascade in GBM cells, our results suggest that this pathway may play a role in protecting EGFR+ cells from apoptosis. Similarly, Bax inhibitor 1, a recently cloned antiapoptotic protein (Xu and Reed, 1998) , is also upregulated in EGFR+ GBMs suggesting another mechanism by which EGFR+ cells may escape apoptosis. We also found that PTN, and its receptor PTRPZ1, were upregulated in EGFR+ GBMs. PTN is a potent growth factor for GBM cells in culture (Powers et al., 2002) . PTRPZ1 expression, one of the receptors for PTN (Meng et al., 2000) , was also elevated in the EGFR+ samples, suggesting coordinate upregulation of this pathway.
By analysing the genes that most distinguish EGFR+ from EGFRÀ GBMs, we uncovered a novel subtype of GBMs characterized by coordinate upregulation of genes on chromosome 12q13-15. Other investigators have previously shown amplification or upregulation of a set of genes on 12q13-15 in approximately 10-20% of GBMs (Reifenberger et al., 1994 (Reifenberger et al., , 1995 (Reifenberger et al., , 1996 Fischer et al., 1996; Galanis et al., 1998; Hui et al., 2001) . However, our finding that this subset of GBMs has a distinctive global gene expression pattern is highly novel, and it suggests that these tumors are biologically distinct. We analysed the expression of all probe sets in this locus and found that their expression was upregulated in this subset of GBMs. We found no evidence of coordinated transcriptional regulation of these genes across a wide variety of experiments with different tumor tissues, normal tissues and cell lines. This strongly suggests the presence of a genomic amplification event. Previous refined mapping studies showed that the amplicon commonly associated with 12q13-15 in GBMs did not include MDM2 (12q13.5-15) (Reifenberger et al., 1996) . Similarly, we found no evidence of MDM2 upregulation in these tumors (data not shown), confirming these previous findings.
Analysis of the most differentially expressed genes clearly indicated that GBMs with 12q13-15 upregulation had a markedly different set of potentially targetable pathways, and appeared to have an impact on cell-fate specification. 12q13-15+ tumors were remarkable for upregulation of oligodendroglial genes, including MAG, MBP, PLP1, Nkx2.2, Sox10, Mal and 2 0 ,3 0 -cyclic nucleotide 3 0 , phosphodiesterase-3-CNP (Hajihosseini et al., 1996; Landry et al., 1997; Zhou et al., 2001; Fu et al., 2002) . Morphologically, these tumors were GBMs, not oligodendrogliomas or mixed gliomas, and they contained equal level of GFAP transcripts relative to the non-12q13-15+ tumors. Further, previous studies have suggested that two of these markers, PLP1 and MBP, can be expressed by some astrocytomas (Landry et al., 1997) . This raises two important possibilities: development from a multipotent precursor cell or dedifferentiation of an astrocytic cell. Experimental evidence suggests that GBMs may arise from precursor cells (Holland et al., 2000; Dai et al., 2001; Holland, 2001) . Alternatively, terminally differentiated astrocytic tumor cells could be dedifferentiated into neural stem cells by activation/disruption of specific signal transduction pathways (Holland et al., 2000; Dai et al., 2001; Bachoo et al., 2002) .
Are the subsets we identified biologically distinct? There are multiple approaches to assessing and developing molecular subsets. Since gene expression probably has a powerful effect on overall tumor behavior, using a global genomic strategy such as this is a legitimate way to dissect out biologically distinct tumors. However, the bottom line of these analyses will be the identification of distinct subsets that have a similar response to therapy. On initial analysis, the molecular subsets identified here were not associated with clear survival differences. However, given the extremely short median survival of GBM patients, and the lack of consistent response to any of the current therapies, this result is not surprising. The real utility of this approach lies in its ability to generate potentially targetable genes and pathways. Considering the potential to target genes and pathways upregulated in these specific tumor subsets (e.g. VEGF and PTN in EGFR+ GBMs, , it is likely that this approach may be fruitful. Verification awaits future preclinical studies and clinical trials. In the future, it will be important to determine whether the EGFR+ gene expression signature seen in GBMs is also characteristic of other cancer types bearing EGFR overexpression/amplification.
Our study has a number of limitations. First, a number of other genes that regulate signal transduction, such as PTEN, p53, p16/Ink4a, and PDGFR (Kleihues et al., 2000; Smith et al., 2001) , are also commonly mutated in GBMs. This may have profound impact on transcriptional profiles. In the future, it will be important to assess the effect of these mutations on GBM gene expression profiles, and to assess their potential interaction with the molecular lesions identified here (EGFR+, . Second, it is also important to consider that different upstream lesions may have similar downstream signal transduction consequences, and thus may promote similar transcriptional profiles. Our observation that EGFRÀ sample 85 has a global transcriptional pattern similar to the EGFR+ tumors (Figure 2a, b) , may suggest that a different upstream lesion is activating similar signaling pathways. Third, in nearly 50% of GBMs with highlevel EGFR expression, there is coexpression of mutant EGFRs, most commonly the EGFRvIII variant (Kleihues et al., 2000) . EGFRvIII results from an in-frame genomic deletion of exons 2-7, producing an EGFR that lacks its ligand-binding domain (Kuan et al., 2000; Nagane et al., 2001) . EGFRvIII is constitutively active, oncogenic (Batra et al., 1995; Huang et al., 1997) and may have profound transcriptional consequences (Lal et al., 2002) . Unfortunately, EGFRvIII is not detectable by the current Affymetrix oligonucleotide arrays used in this study. The recent finding that EGFRvIII expression imparts a distinctive transcriptional signature (Lal et al., 2002) further indicates the importance of determining the effect of EGFRvIII expression on the transcriptional program of EGFR+ GBMs. Fourth, EGFR overexpression is usually the result of an amplification, but increased EGFR protein can be detected in the absence of such a genomic change (Kurten et al., 1996; Chin et al., 2001) . Similar to the related Erb-family receptor her2/neu, it appears that overexpression vs amplification may have profound impact on the tumor's biologic behavior and response to treatment (Pauletti et al., 2001) . In the future, it will be important to determine whether the mechanism of EGFR overexpression impacts upon the transcriptional program of GBMs. Finally, our study cannot determine whether the unique transcriptional profile of EGFR+GBMs is because of EGFR-mediated signaling.
In summary, we have used screened patient biopsy samples using a gene expression profiling approach to identify novel subsets of primary GBMs. We have identified a molecular signature associated with EGFR overexpression and we have uncovered two additional subsets of GBMs, each with a distinct transcriptional profile. This provides an important first step in developing a molecular taxonomy of GBMs and provides a potential approach by which to begin to stratify GBM patients for targeted molecular therapy.
Materials and methods

Tissue and RNA isolation
All patients participating in this study gave informed consent prior to surgery. At the time of resection, the tumor was examined by a neuropathologist and dissected into two portions, one for tissue diagnosis and the other for RNA extraction. This procedure was done within 15 min of surgical resection. The portion for RNA extraction was snap frozen in liquid nitrogen and stored at À801C. Total RNA was extracted from 100 to 150 mg of frozen tissue by using Trizol (Gibco BRL) and one round of cleanup by the Qiagen Rneasy total RNA isolation kit. Total RNA (10 mg) was used to generate double-stranded cDNA. Biotin-labeled antisense cRNA was produced by in vitro transcription using the ENZO BioArray HighYield kit. cRNA (15 mg) was fragmented and hybridized to Affymetrix U95Av2 GeneChip. The GeneChips were washed, stained with streptavidin phycoerythrin and scanned to generate an image file. The quality, yield and size distribution of the total RNA, labeled transcripts and fragmented cRNA were estimated by spectrophotometric analysis and the RNA 6000 Nano-LabChips (Agilent Technologies).
Preprocessing and statistical analysis
The CEL files for all the microarray hybridizations generated by Affymetrix Microarray Suite Software were imported into the software dChip (Li and Wong, 2001 ) to compute the model-based expression index for each gene. All arrays were normalized against the array with median overall intensity. To reduce the noise in our data, we eliminated genes with a coefficient of variation smaller than 0.5 across all samples from the analysis, and ended up with 4255 genes. For selecting differentially expressed genes (gene filtering), a thresholding approach was used. Genes with a fold change exceeding 1.5 and an absolute difference in their model-based expression index bigger than 50 between two groups of samples were selected. To validate this gene-filtering criterion, we computed the leave-one-out cross-validation error rate of two prediction methods that used the same gene-filtering criteria in their construction. To be specific, we trained (constructed) a knearest neighbor ) and a gene voting (Golub et al., 1999) predictor on all but one sample by using the same gene-filtering criterion. The resulting predictors were applied to the left-out observation, which comprised the test set, and the misclassification error rate was recorded. This was repeated for every sample and the leave-one-out cross-validation error rate was calculated as the average misclassification rate. We used dChip to perform hierarchical clustering of the samples or genes using Euclidean distance (Kaufman and Rousseeuw, 1990) . Since Euclidean distances between samples were used, the MDS plot produced here is equivalent to plotting the samples with their first three principal components (Venables and Ripley, 1999) . To evaluate the significance of differentially expressed genes, two group unpaired t-tests were used. Genes with a p-value less than 0.05 were considered significant. Analyses were performed using the statistical software S-Plus (www.insightful.com).
RT-PCR confirmation
Total RNA was available from nine of the 13 test samples (cRNA was available for an additional two samples). Total RNA (500 ng) was reverse transcribed using SuperScript FirstStrand Synthesis System (Invitrogen, Carlsbad, CA, USA). The following genes were analysed by RT-PCR: VEGF, MYO10, MLC1, GS3955, TEGT, OS-9, OS-4, SAS, CDK-4, Cyclin D1 and MAG. Primers were designed to amplify 3 0 mRNA regions that did not overlap with probe sequences represented by Affymetrix U95av2 oligonucleotide array. The following forward and reverse primers were used for the representative examples shown in Figure 4 : VEGF -5 0 -GTC TTG GGT GCA TTG GAG CCT T-3 0 and 5 0 -ACA GGG ATT TTC TTG TCT TGC T-3 0 (414 bp product); MYO10 -5 0 -CTG GCT GCC ACA TCC GAG GTT-3 0 and 5 0 -CTC TTC TCC AGC CGT TCA CAA-3 0 (328 bp product); and MLC1 -5 0 -CCT GCT CGG GTC CTG AAA TCT-3 0 and 5 0 -CAC TTG CTG GGA CAC TCT GCT-3 0 (196 bp product). Primer sequences for the other genes tested are available upon request. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize amplification between samples (5 0 -TTC CAT GGC ACC GTC AAG GCT GAG A-3 0 and 5 0 -CAC GTT GGC AGT GGG GAC ACG GAA G-3 0 -555 bp fragment). First-strand cDNA (2 ml) was amplified in a 50 ml PCR reaction volume containing 1 Â PCR buffer (20 mm Tris-HCl (pH 8.4), 50 mm KCl), 2 mm MgCl 2 , 0.2 mm each dNTP, 0.2 mm each primer and 2 U of Platinum Taq Polymerase (Invitrogen) under the following conditions: initial denaturation at 941C for 2 min, followed by 20, 25 or 30 amplification cycles with denaturation at 951C for 20 s, annealing at 591C for 20 s and extension at 721C for 30 s. A 5 ml volume of each PCR reaction was then loaded onto 1.5% agarose gels, stained with ethidium bromide and the band intensities analysed by densitometry using AlphaEase software version 5.04 (Alpha Innotech, San Leandro, CA, USA). Gene expression was normalized for GAPDH and statistical analysis was performed using Analyse-It software version 1.65 (Leeds, UK).
Tissue microarray generation and immunohistochemistry
Three representative 0.6 mm cores (two tumors, one normal) were obtained from diagnostic areas of paraffin-embedded biopsy tissue from primary GBM patients and inserted into a grid pattern in a recipient paraffin block using a tissue arrayer. Sections (5 mm) were cut from the tissue array and immunohistochemistry was performed (Hoos et al., 2002) . For CD99/ MIC2, staining intensity was scored on a scale of 0-2. For cyclin D1 immunostaining, three regions from each tumor were photographed and positive nuclei were counted using the Alphaimager with Alpha ease software. w 2 test was used to assess correlation between CD99/MIC22 staining intensity and EGFR status. Student's t-test was used to assess the correlation between per cent of cyclin-D1-positive cells and 12q13-15 status.
